The addressable pocket of a protein is often not functionally relevant in disease. This is true for the multidomain, bromodomain-containing transcriptional regulator TRIM24. TRIM24 has been posited as a dependency in numerous cancers, yet potent and selective ligands for the TRIM24 bromodomain do not exert effective anti-proliferative responses. We therefore repositioned these probes as targeting features for heterobifunctional protein degraders. Recruitment of the VHL E3 ubiquitin ligase by dTRIM24 elicits potent and selective degradation of TRIM24. Using dTRIM24 to probe TRIM24 function, we characterize the dynamic genome-wide consequences of TRIM24 loss on chromatin localization and gene control. Further, we identify TRIM24 as a novel dependency in acute leukemia. Pairwise study of TRIM24 degradation versus bromodomain inhibition reveals enhanced anti-proliferative response from degradation. We offer dTRIM24 as a chemical probe of an emerging cancer dependency, and establish a path forward for numerous selective yet ineffectual ligands for proteins of therapeutic interest.
D ysregulation of gene control is a hallmark characteristic of cancer, and individual tumor types are commonly dependent on discrete gene-control factors 1 . Research in clinical cancer genetics and functional cancer biology has validated a still-growing list of compelling transcriptional addictions with immediate therapeutic relevance. Threatening the clinical impact of these findings is the persistent challenge in the development of direct-acting chemical inhibitors of transcription factors and transcriptional regulators 2 .
Transcriptional regulators challenge coordinated efforts in ligand discovery as they often function via protein-protein interactions mediated by large interfacial domains that lack the characteristic features of addressable hydrophobic pockets. Many of these proteins exhibit a multidomain structure, often further complicated by intrinsic disorder or limited biochemical characterization. It is therefore not always clear which domain to target, and commonly the ligandable domain is not responsible for the tumor-associated phenotype.
Such has been our community's experience targeting bromodomain-containing proteins. After our first report of functional inhibition of the BET family of human co-activator proteins via bromodomain inhibition with JQ1 3 , we and many others undertook to develop bromodomain inhibitors more broadly across the molecular phylogeny of 41 human proteins. Protein targets validated as cancer dependencies by genetic knockdown or knockout were successfully approached with discovery chemistry, only to reveal that bromodomain engagement is insufficient to meaningfully influence cancer gene control. This has been the experience with BRG1 and BRM1 4 and, as considered here, with TRIM24.
TRIM24 (originally transcriptional intermediary factor 1α ) is a multidomain protein that has been broadly characterized as a co-regulator of transcription 5 . It is a member of the TRIM/RBCC protein family, defined by a conserved N-terminal tripartite motif and variable C-terminal domains 6, 7 . The RING domain of TRIM24 has been reported to be involved with the ubiquitination and degradation of the master transcription factor p53 8, 9 , and a conserved LxxLL motif has been implicated in context-dependent nuclear receptor co-activation or co-repression 10, 11 . Chromatin localization of TRIM24 is thought to be mediated, at least in part, by a tandem plant homeodomain finger-bromodomain (PHD-BROMO) that can recognize the H3K4me0 and H3K23ac histone modifications as a chromatin-associated epigenetic reader protein 12 .
TRIM24 has recently been implicated as a cancer dependency in breast and prostate cancers. High levels of TRIM24 are associated with oncogenesis and disease progression in a wide variety of cancer lineages [12] [13] [14] [15] [16] [17] . Ectopic expression of TRIM24 in normal human mammary epithelial cells (HMECs) causes increased cellular proliferation and oncogenic transformation 18 . Additionally, genetic knockdown of TRIM24 has been associated with impaired cell growth and induction of apoptosis [12] [13] [14] [15] [16] [17] .
Potent and selective inhibitors of the TRIM24 bromodomain have been developed by multiple groups 19, 20 . IACS-9571 (1) is a potent dimethylbenzimidazolone inhibitor of the TRIM24 bromodomain. Administration of IACS-9571 to cultivated cancer cells can displace a proportion of an exogenously expressed PHD-BROMO-TRIM24 from SAHA-induced hyperacetylated chromatin. However, overt effects on cancer proliferation as a phenotypic consequence have not been demonstrated 21 , suggesting that bromodomain inhibition alone may not be sufficient as an anti-cancer strategy.
We therefore have undertaken to adapt TRIM24 inhibitors into heterobifunctional TRIM24 degraders, inspired by the all-chemical strategy for target protein degradation that we recently reported for BET bromodomains 22 . In our index study, we conjugated cereblon (CRBN) E3 ubiquitin ligase binding phthalimides at permissive sites on BRD4-targeting ligands. Compounds such as dBET1 exhibited rapid, potent, and selective degradation of BET bromodomain proteins (BRD2-4). Interestingly, BET degraders functioned at sub-stoichiometric concentrations, exhibiting improved potency as compared to BET bromodomain inhibitors, presumably via a catalytic-like target turnover mechanism. Subsequently, chemical (BromoScan) . e, Cellular VHL degron displacement assay (values represent means normalized to 50 μ M VL-269 calculated from n = 2 technical replicates). n = 2 independent experiments, with one representative experiment shown. f, Immunoblot of TRIM24 and vinculin following 24 h of incubation with the indicated concentrations of dTRIM24 in 293FT cells. The red number highlights the condition for maximum degradation. g, Immunoblot of TRIM24 and vinculin following treatment of 293FT cells with 5 μ M dTRIM24 for the indicated incubation times. For f,g, percentages were calculated by normalization of the band intensity to the loading control and relative to DMSO at each time point. n = 3 independently conducted experiments, with one representative experiment shown. Full immunoblots shown in Supplementary Fig. 9 .
biologists have validated these findings for BET bromodomain degradation [23] [24] [25] , notably extending these findings to include novel ligands for the VHL E3 ubiquitin ligase 26 . To date, targeted degradation has equaled or even improved the phenotypic response as compared to target inhibition, but the application of this strategy to revive ineffectual ligands has not been demonstrated.
In this study we present dTRIM24 (2), a selective bifunctional degrader of TRIM24. We compare the mechanistic consequences of selective engagement of the TRIM24 bromodomain (IACS-9571) to those of selective degradation of the entire TRIM24 multidomain transcriptional regulator (dTRIM24). Using the dTRIM24 chemical probe, we report TRIM24 as a novel dependency in leukemia. Mechanistically, the TRIM24 degrader is more effective at displacing TRIM24 from chromatin compared to IACS-9571, and treatment with dTRIM24 consequently exerts a pronounced effect on genomewide transcription at TRIM24 target genes. This pair of tool compounds can be used to further delineate the functions of TRIM24 and the domain dependence of TRIM24 across different contexts and to define a TRIM24-mediated transcriptional program in cancer.
Results
Design of a bifunctional small molecule to degrade TRIM24. We designed a bifunctional molecule consisting of a ligand to TRIM24 chemically conjugated to a ligand to VHL. Ternary complex formation was computationally modeled to position the VHL chemical degron at a predicted permissive site on the dimethylbenzimidazolone warhead, enabled by published crystal structures of TRIM24 and VHL with their respective ligands, IACS-9571 and VL-269 (3) 23, 27 (Fig. 1a ). Because the benzimidazolone of IACS-9571 binds to the bromodomain of TRIM24, we used the solvent-exposed sulfonamide tail as an attachment point to build the degrader. We synthesized dTRIM24 by chemically conjugating IACS-7e (4) 20 , a close derivative of IACS-9571, to the VHL ligand VL-269. We continued using IACS-9571 in all subsequent experiments, as a potent and published reference TRIM24 bromodomain ligand. We also synthesized the enantiomer of dTRIM24, eTRIM24 (5) , which contains an inactive VHL binding moiety, to serve as a chemical control for degradation 23, 28 (Fig. 1b ).
Active binding to the TRIM24 bromodomain by the bifunctional degrader was validated using a homogeneous assay for TRIM24 ligand displacement (TRIM24 AlphaScreen; Supplementary  Fig. 1a ), in which dTRIM24 showed comparable potency to bromodomain ligands ( Fig. 1c ). Selectivity profiling across 32 human bromodomains confirmed selective and potent binding to TRIM24, comparable to the reported selectivity of the TRIM24 ligands ( Fig. 1d , Supplementary Fig. 1b ). Cellular permeability of TRIM24 was confirmed using a VHL degron displacement assay developed in our laboratory, in which lead degrader molecules are assessed for the ability to compete with active FKBP-directed VHL ligands, in effect to restore bioluminescence attributable to rescued FKBP-Nluc protein stability 29 (Fig. 1e , Supplementary Fig. 1c ).
To assess the phenotypic effects of dTRIM24, we first treated 293FT cells with dTRIM24 and measured TRIM24 protein abundance by immunoblotting. Both dose-and time-dependent degradation of TRIM24 were observed, with maximum degradation apparent at 5 μ M ( Fig. 1f ). Substantial degradation was evident at 4 h, and TRIM24 depletion was maintained through 72 h with continuous drug treatment; there was no recovery as observed previously with dBET1 22 (Fig. 1g ). As is characteristic of certain chemical inducers of dimerization, high concentrations of dTRIM24 produced less TRIM24 degradation, consistent with binary complex formation outnumbering ternary complex formation (known as the hook effect 30 ; Supplementary Fig. 1d ). We also synthesized a second degrader, DFCI-4107 (6) , which contains a reportedly more potent ligand of TRIM24, IACS-9571 ( Supplementary Fig. 2a ). However, DFCI-4107 does not degrade TRIM24 ( Supplementary Fig. 2b) , an effect attributable at least to decreased cellular permeability as measured by the VHL degron displacement assay ( Supplementary Fig. 2c ).
TRIM24 degradation depends on VHL and the proteasome.
To explore whether degradation of TRIM24 is dependent on binding to both TRIM24 and VHL, we co-administered dTRIM24 and equimolar amounts of IACS-9571 or VL-269 to 293FT cells. Both IACS-9571 and VL-269 strongly prevented TRIM24 degradation, demonstrating that binding to TRIM24 and VHL in cells is essential for productive degradation ( Fig. 2a ). To establish dependency on the proteasome, we treated 293FT cells with both dTRIM24 and the catalytic proteasome inhibitor carfilzomib. TRIM24 degradation was rescued by carfilzomib, indicative of a proteasome-dependent degradation event. Further, the neddylation inhibitor MLN4924 also rescued degradation, supporting the notion that a cullin E3 complex, such as VHL, is functionally required, and, importantly, refuting the putative degradation of TRIM24 through autoubiquitination via its RING domain ligase activity ( Fig. 2b) 31 . Requisite binding to VHL was further confirmed using eTRIM24, a functional TRIM24 binder incapable of binding VHL, which failed to elicit TRIM24 degradation ( Fig. 2c ).
To definitively demonstrate a requirement for VHL, we created a clonal population of 293FT cells that do not express functional VHL via CRISPR-Cas9-mediated deletion. Of all clonal lines tested, clone 10 showed elevated HIF-1α , consistent with a functional loss of VHL, in contrast to a sister clone, clone 3 ( Fig. 2d,e ). Genetic modification of the VHL locus in clone 10 was confirmed by VHL resequencing ( Supplementary Fig. 3a ). Using these paired 293FT reagents, as well as an established VHL-null renal cell carcinoma line (786-O), we demonstrated an absolute requirement for VHL to degrade TRIM24 ( Fig. 2f, Supplementary Fig. 3b,c) . As such, we confirmed the expression of VHL at both the protein and transcript level 32 in all lines used throughout the remainder of this study ( Supplementary Fig. 3d,e ).
TRIM24 as a novel dependency in acute leukemia. With an active TRIM24 degrader in hand, we explored the requirement for TRIM24 in models of human cancer. To identify candidate cell lines, we interrogated the Project Achilles database, an RNA interference screen aimed at identifying essential genes in a wide panel of cancer cell lines using genome-scale loss-of-function genetics, for asymmetric dependence on TRIM24 33 . Ranked by the ATARiS score 34 (a reported relational metric that weighs on-target activity of shRNA reagents), we discovered that tumors of hematopoietic origin were disproportionally sensitive to knockdown of TRIM24 in comparison to other cancer cell lines ( Fig. 3a) .
To explore a putative dependency on TRIM24 in acute leukemia, as well as to identify functional hotspots within discrete protein domains, we applied a powerful, recently reported CRISPRscanning strategy to introduce mutations through the TRIM24 locus 35 . Fold change from day 3 to day 18 was calculated by quantifying each guide through next-generation sequencing (NGS). In MOLM-13 cells, a human acute myeloid leukemia (AML) line and one of the hematopoietic lines most sensitive to TRIM24 knockdown from the Achilles data set, TRIM24 guides targeting the 5′ region of the gene dropped out over ten-fold, indicative of a genetic dependency on TRIM24 (Fig. 3b ).
Because TRIM24 is a multifunctional protein, we were curious to understand which domain of TRIM24 appeared responsible for the dependency in these lines. Guides targeting the genomic region corresponding to the RING domain were efficiently depleted, while guides directed immediately downstream of the RING domain were comparatively inactive. Mutagenesis in the genomic region corresponding to the PHD finger or bromodomain did not cause depletion greater than baseline. This suggests that the RING domain could be functionally responsible for the TRIM24 dependency in this context. To validate and extend these findings, we performed the same analysis in the human MV4;11 leukemia cell line. Again, genetic abrogation of the PHD-BROMO was not depleted, whereas RING domain function was required for proliferation ( Supplementary Fig. 4a ).
Finally, we attempted to extend these findings to breast cancer, where TRIM24 has been suggested as a tumor dependency, specifically in the MCF-7 human breast adenocarcinoma cell line 9, 12 . Although dTRIM24 achieved selective and near-complete degradation of TRIM24 in MCF-7 cells ( Supplementary Fig. 5a -c, Supplementary Dataset 1), dTRIM24 and IACS-9571 both did not affect cell growth ( Supplementary Fig. 5d ). Further, we did not observe an effect on p53 protein levels, as the RING domain of TRIM24 has been implicated as a ubiquitin ligase for p53 in MCF-7 cells ( Supplementary Fig. 5e ). As we also did not observe sensitivity to CRISPR-Cas9-mediated disruption of TRIM24 in 2D-cultured cells ( Supplementary Fig. 5f ), we restricted further mechanistic studies to the previously unrecognized findings in leukemia.
The above genetic studies suggest that the PHD-BROMO of TRIM24 may be dispensable, but the RING domain is essential for proliferation. As there are no reported RING domain inhibitors, we explored whether MOLM-13 leukemia cells would be susceptible to TRIM24 bromodomain-mediated degradation. We observed doseand time-dependent degradation of TRIM24 with dTRIM24 treatment ( Fig. 4a,b ). Cellular selectivity of dTRIM24 was confirmed in this context using quantitative proteomics. Immediate effects of dTRIM24 were compared to IACS-9571 after 4 h of treatment. No proteins were significantly depleted by IACS-9571, whereas a striking selectivity for TRIM24 degradation was observed for dTRIM24 ( Fig. 4c,d, Supplementary Dataset 2) .
Notably, no additional bromodomain-containing proteins were depleted, reporting favorably on the selectivity of the IACS-like warhead employed in this context. We find this remarkable, as IACS-9571 exhibits off-target activity for the BRPF1 bromodomain, which was not degraded. In prior work to degrade BRD9, we observed that selective bromodomain ligands can evoke off-target degradation effects (in that context, the degradation of BRD4 36 ). The dTRIM24 experience highlights that non-selective probes can elicit comparatively more selective degradation effects, perhaps extending the use of this chemical strategy toward improved targetspecific chemical probes. We next assessed the anti-proliferative consequences of chemical degradation versus inhibition of TRIM24. Growth over time was determined for MOLM-13 cells treated with dTRIM24, IACS-9571, VL-269, and eTRIM24. dTRIM24 suppressed growth to a greater extent than did IACS-9571, accompanied by apoptosis measured as enhanced PARP cleavage ( Fig. 4e,f) . In agreement with a sustained proliferative defect observed following dTRIM24 treatment, we observed near-complete degradation of TRIM24 in dTRIM24-treated cells throughout the duration of the experiment ( Supplementary  Fig. 4b ). Lastly, we asked whether TRIM24 dependency was common across leukemia cell lines. We detected degradation of TRIM24 in an expanded panel of leukemia lines ( Supplementary Fig. 4c ) and evaluated these cell lines for their proliferative capacity following loss of TRIM24. Our results nicely recapitulated those obtained from Project Achilles (Fig. 3a) , with those cell lines that displayed sensitivity to genetic loss of TRIM24 also exhibiting sensitivity to loss of TRIM24 protein ( Supplementary Fig. 4d ).
Mechanistic effects of TRIM24 degradation on gene control. We next investigated the effect of TRIM24 degradation on chromatin association in MOLM-13 cells, a human leukemia cell line sensitive to TRIM24 loss. MOLM-13 cells were treated with dTRIM24, and chromatin was extracted and analyzed for TRIM24 occupancy by chromatin immunoprecipitation using anti-TRIM24 immunoglobulins followed by DNA sequencing (ChIP-seq). To ascertain quantitative effects on TRIM24 localization with chemical perturbation, we performed these studies using our established spike-in control method of reference genome normalization (ChIP-Rx) 37 . The effect of dTRIM24 was compared to that of IACS-9571 in parallel experiments. As expected, dTRIM24 treatment caused a more pronounced decrease in TRIM24 chromatin association than IACS-9571 genome-wide, as evident by measures of average genome occupancy of TRIM24 at all observed peaks and exemplary loci (Fig. 5a,b) .
Gene control is often influenced by the relative abundance of a transcriptional regulator or chromatin mark at a given locus 38 . To understand the role of TRIM24 in genome-wide transcription control, and to characterize dTRIM24 function, we looked at transcriptional response with dTRIM24 treatment, genome-wide (RNA-seq). Gene expression analysis revealed that degradation of TRIM24 via dTRIM24 was observed to markedly deregulate a defined set of gene products, whereas TRIM24 bromodomain inhibition with IACS-9571 was comparatively ineffectual (Fig. 5c,d) . Further, the consequence of dTRIM24 was predominantly transcriptional upregulation of target genes, consistent with the proposed role of TRIM24 in transcriptional repression [39] [40] [41] (Fig. 5d ). Putative tumor Supplementary Fig. 10 .
suppressors are among the most transcriptionally upregulated, including BCOR, ERV3, MZF1, and ID3 [42] [43] [44] [45] [46] [47] [48] [49] . These genes are frequently inactivated in blood cancers, and their derepression in this context may contribute to the effects of TRIM24-mediated dependency in MOLM-13 cells.
We explored the comparative transcriptional consequences in AML lines, and noticed that sensitivity to dTRIM24 is correlated with the effect of TRIM24 on gene control ( Supplementary  Fig. 6a,b ). Of the gene sets perturbed in the sensitive lines, we saw the greatest enrichment in processes related to chromatin, transcription, and proliferation, as expected from epigenetic perturbation ( Supplementary Fig. 6c ). When looking more closely into the genes driving the asymmetric deregulation, we noticed that MYC target genes are disproportionally downregulated in the AML lines sensitive to dTRIM24 treatment ( Supplementary Fig. 7a,b ) and master transcription factors in AML, such as MYC, MYB, and GATA2, are themselves downregulated ( Supplementary Fig. 7c ). While these are likely secondary effects to the immediate transcriptional response of TRIM24 degradation, they nonetheless may contribute to the altered transcriptional state correlated with sensitivity.
The enrichment in the modulation of transcriptional and proliferative gene sets in the sensitive lines prompted us to investigate the effect of dTRIM24 on the cell cycle. In the sensitive lines only, we see a G1/S cell cycle arrest ( Supplementary Fig. 8a,b ). There is evidence of apoptosis with a sub-G1 population emerging, which is consistent with PARP cleavage seen in the MOLM-13 cells (Fig. 4f) . These results suggest a difference in downstream response to TRIM24 loss that may, in part, account for differences in sensitivity versus insensitivity to dTRIM24. These functional studies qualify dTRIM24 as a chemical probe useful for more thorough mechanistic interrogation of TRIM24 in human biology in subsequent research.
Discussion
Small-molecule inducers of protein degradation have recently emerged as powerful tools for probing the activity of target proteins. Degraders combine the temporal advantages of small-molecule probes with the ability to control protein levels typically limited to genetic approaches. Here, we have synthetized and characterized a first bifunctional degrader of TRIM24. We outlined a chemical strategy focused on the mechanism of degradation of endogenous TRIM24 by taking advantage of the ubiquitin ligase activity of VHL, an E3 ligase that we harnessed for rationally designed degradation. We have shown that dTRIM24 induces rapid and sustained proteasomal degradation of TRIM24. dTRIM24 selectively degrades TRIM24 across the proteome, in a process that is dependent on binding to both the bromodomain of TRIM24 and to VHL. The dependency of human acute leukemia cells on TRIM24 is a provocative finding, as leukemias are often characterized by transcriptional addiction to oncogenic transcription factors such as MYC, mechanism-based dependencies such as BRD4, or pathognomonic fusion oncoproteins (for example, MLL fusions). Here, we report the unrecognized dependence of acute leukemia on TRIM24. The epigenomic, transcriptional state of leukemias likely predisposes them to sensitivity to the aberrant transcriptional activity induced by rapid TRIM24 depletion. In this context, we believe that TRIM24 depletion could be a therapeutic route in this disease. Building on these findings, future research with pharmacologically optimized investigational drugs based on dTRIM24 will enable the validation of this target in translational murine model studies of leukemia. In parallel, access to dTRIM24 within the research community will help to resolve the unexpected observation that studied breast cancer cell lines are apparently neither chemically nor genetically dependent on TRIM24.
This consistency between genetic dependence and chemical dependence in leukemia and breast cell lines points to chemical degradation as a strategy that can recapitulate genetic depletion effects. Because TRIM24 functional genetics studies across a wide variety of cancer cell lineages point to TRIM24 as a dependency, we anticipate that dTRIM24 can be used to rapidly and specifically deplete TRIM24 protein to probe its essentiality in these various contexts.
In summary, we have designed and characterized a cell-permeable chemical degrader of TRIM24. These studies propose TRIM24 as a novel target for acute leukemia drug development. We anticipate that dTRIM24 will be a useful tool to further probe the function of TRIM24 by rapid chemical depletion in hematopoietic cancers and other biological contexts. Moreover, this research highlights the value of chemical equity capable of binding target proteins of interest, irrespective of functional consequence. Even inactive ligands may be repositioned as highly functioning targeted degraders. In that manner, this chemistry offers a new path to undruggable targets.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41589-018-0010-y.
Cell lines and lentivirus production. MV4;11 (RPMI supplemented with 10% FBS (Sigma-Aldrich), MOLM-13 (RPMI supplemented with 10% FBS), and OCI-AML5 (MEMalpha Glutamax supplemented with 20% FBS and 10 μ g/mL hGM-CSF) cell lines were kindly provided by the laboratory of S.A. Armstrong. HL-60 (IMDM supplemented with 20% FBS), NOMO-1 (RPMI supplemented with 10% FBS), and THP-1 (RPMI supplemented with 10% FBS and BME) cells were provided by the Biological Samples Platform of the Broad Institute. 293FT and MCF-7 (DMEM supplemented with 10% FBS) cells were purchased from ATCC. KASUMI-1 (RPMI supplemented with 20% FBS) cells were kindly provided by the laboratory of K. Stegmaier. Cells were cultured at 37 °C with 5% CO 2 and supplemented with 100 U/mL penicillin, 100 μ g/mL streptomycin. Cells matched their expected cell-type morphology. Cells tested negative for mycoplasma using the MycoAlert kit (Lonza). Lentivirus production was performed in 293FT cells by co-transfection of pMD2.G, psPAX2 (Addgene #12259 and #12260, respectively), and a given lentiviral expression plasmid using Lipofectamine 2000 (Invitrogen). Viral supernatants were collected 48 and 72 after transfection, filtered through a 0.22 μ m membrane and concentrated 20-fold with Lenti-X Concentrator. All cells lines were transduced by spinoculation at 2000 rpm for 1 h at room temperature with 8 μ g/mL polybrene.
TRIM24 degrader modeling. The coordinates of VHL's 4W9H structure were manually dragged in order to orient its ligand binding pocket head-to-head with the ligand binding pocket of TRIM24 (4YC9), with the amide of the VHL ligand approximately 11 Å away from the methyl ether of the TRIM24 ligand. All extraneous objects were removed, chain IDs were renamed, and remaining molecules merged. Theoretical electron density of the merged structure was calculated using pdb2mrc program in the EMAN package 50 and dTRIM24 was fit in Coot using real-space-refinement 51 .
TRIM24 ligand displacement assay. The TRIM24 expression construct pRSFDuet-1.TRIM24.PHD-Bromo(824-1011)6xHis was kindly provided by D. Patel and colleagues (MSKCC) 12 . The plasmid was transformed into BL21(DE3) pLysS competent Escherichia coli cells; 500 mL cultures were inoculated and grown until A 600 reached 0.7, then chilled at 4 °C with addition of 0.05 mM ZnCl 2 . Once cooled, 0.5 mM IPTG was added and cultures were shaken overnight at 28 °C. Cultures were pelleted, resuspended in lysis buffer (20 mM Tris (pH 8.0), 500 mM NaCl, 20 mM imidazole with protease inhibitors), and disrupted by sonication. After centrifugation, supernatant was purified by FPLC with a HisTrap nickel column (GE) with a 3-step imidazole gradient (0.33 M, 0.66 M, 1 M). Fractions containing protein were collected, pooled and concentrated by centrifugation in a 10 K MWCO filter tube (Millipore). Samples were then further purified by gel filtration on FPLC with a HiPrep Sephacryl 16/60 column (GE). Samples were concentrated again by centrifugation with a 10 K MWCO filter, diluted 1:1 with freezing buffer (50 mM Tris (pH 8.0), 300 mM NaCl, 5% glycerol, 0.05 mM ZnCl), flash frozen in liquid nitrogen and stored at -80 °C. Histone H3K23ac peptide synthesis was performed on solid phase with Rink amide resin (Novabiochem) on a CEM Liberty peptide synthesizer with standard coupling conditions using FMOC-protected amino acids. The N-terminal tail of histone H3 was synthesized (1-33) with side chain acetylation on lysine residue 23. A final MTT-protected lysine was added at position 34 for facile biotinylation via selective deprotection and subsequent coupling of N-biotinyl-NH-PEG2-COOH (Novabiochem). The final peptide was cleaved from resin with 95% TFA solution, and purified by reversed-phase HPLC and lyophilization. The AlphaScreen assay was performed according to manufacturer's protocol with minor modifications (PerkinElmer, USA). This assay was carried out in room temperature buffer containing 50 mM HEPES, 300 mM NaCl, 0.1% w/v BSA, 0.05% w/v Tween-20 and 2 mM DTT at pH 7.9. All steps were carried out under low light conditions. 10 μ L of a solution of a master mix 100 nM His-TRIM24 (PHD-Bromo), 40 μ g/mL nickel chelate acceptor beads and 100 nM biotinylated-H3K23ac peptide was added to an AlphaPlate-384 (PerkinElmer, USA). Plates were briefly spun at 150 g. Next, 100 nL compound dissolved in DMSO from stock plates was added by pin transfer using a Janus Workstation (PerkinElmer, USA) for final concentrations from 2.5 nM to 50 μ M. After 30 min of incubation, 10 μ L of streptavidin-coated donor beads (40 μ g/mL) was added to the plate. The plate was spun down once again, and incubated for 1 h at room temperature. Fluorescence signal was read on the Envision 2104 (PerkinElmer, USA) using the manufacturer's protocol.
VHL degron displacement assay.
A lentiviral construct comprising firefly luciferase (Fluc) and FKBP12(F36V) fused to nanoluciferase (Nluc) was used to produce virus and transduce 293FT cells. For intracellular VHL competition assays, cells were dispensed into white 384-well culture plates (Thermo) in 20 µ L at 4,000 cells/well. The cells were incubated overnight and pinned with 100 nL of competitor compound in DMSO followed by 100 nL of 20 μ M dTag-12 (10) using a JANUS workstation (PerkinElmer). Cells were incubated with compounds for 5.5 h at 37 °C, 5% CO 2 and then allowed to cool to room temperature for 30 min. 1% Triton X-100) was added to each plate, incubated for 15 min at RT, and then read on an Envision 2104 (PerkinElmer) for luminescence. 25 µ L of Nluc buffer (25 mM Na4PPi, 10 mM NaOAc, 15 mM EDTA, 500 mM NaSO 4 , 500 mM NaCl, 16 μ M coelenterazine, 50 μ M 4-(6-methyl-1,3-benzothiazol-2-yl)aniline [sc-276812]) was then added to each well and the plate incubated for 15 min at RT and then read again. Nluc values were normalized by setting values from dTag-12-only wells to 0% and those treated with dTag-12 and 50 μ M VL-269 (VHL ligand) to 100%. Data were further analyzed and plotted using GraphPad PRISM v6 and IC 50 values were determined using the 'log(agonist) vs. normalized response -variable slope' analysis module.
Immunoblotting. Cells were lysed for 15 min on ice using RIPA buffer with added protease inhibitor cocktail (Roche) and 0.1% benzonase (Novagen). The lysate was spun at 16,000 g for 15 min at 4 °C. The protein concentration of the lysate was quantified using the BCA assay (Pierce). The primary antibodies used were TRIM24 (Proteintech 14208-1-AP), Actin (Santa Cruz SC-8432), Vinculin (Santa Cruz SC-25336), VHL (Santa Cruz SC-17780), VHL (Cell Signaling 68547), HIF-1α (Cell Signaling 3716S), PARP (Cell Signaling 9542S) and p53 (Cell Signaling 2527S). Fluorescence-labeled secondary antibodies (LI-COR) and the OdysseyCLxImager (LI-COR) were used to image and visualize the immunoblot.
Creation of VHL-deficient 293FT line.
293FT cells were transiently transfected with the pSpCas9(BB)-2A-GFP (PX458) expression vector containing an sgRNA targeting the 5′ region of the VHL gene (TGACTAGGCTCCGGACAACC). After 48 h, GFP positive cells were sorted into single cell clones and expanded. Clones were analyzed for VHL deficiency by immunoblotting for VHL, sequencing for genome modification at the VHL locus, as well as functionally validating VHL deficiency by immunoblotting for HIF-1α stabilization.
Quantitative mass spectrometry. Three replicates of 5 × 10 6 cells were treated with compound for 4 h and mass spectrometry was performed and analyzed as described previously 22 . 5,897 proteins were quantified from MOLM-13 cells and 6,622 proteins were quantified from MCF-7 cells. Means for protein abundance from three technical replicates were calculated and were plotted versus P value determined by two-tailed t-test.
Cell proliferation. All lines were seeded at 30,000 cells/well, except for the KASUMI-1 cells, which were seeded at double the density due to their slower doubling time. At endpoints, cells were suspended and mixed with Viacount reagent (Millipore) at 1:3. The mixture was incubated for 5 min, and viable cells were counted on the Guava easycyte flow cytometer (Millipore). Means from three technical replicates of cell counts were calculated and three biological replicates were plotted with s.d.
CRISPR-Cas9-mediated saturating mutagenesis. sgRNAs targeting every PAM sequencing in exonic regions of the TRIM24 gene were designed. Guides that mapped to only TRIM24 were purchased in a pooled format (CustomArray, Inc.) and cloned using Gibson assembly into the LRG (lenti-sgRNA-EFS-GFP) plasmid. This pool of plasmids was transformed into electrocompetent cells (VWR, #71003-038). Cells stably expressing constitutive Cas9 were infected with pooled lentivirus made from the cloned library, at a transduction efficiency of 40%. 15 × 10 6 cells were transduced to maintain over 1,000× coverage of the library at Day 0. 15 × 10 6 cells were collected at Day 3 and Day 18 and their genomic DNA was extracted using QIAamp DNA Blood Maxi Kit (Qiagen, #51194). Guides from these populations of cells were sequenced as described previously 52 , by taking advantage of a two-step PCR: the first step amplified the extracted DNA, and the second step added adapters and barcodes for sequencing by Illumina NextSeq 500 using single end 75-bp reads. Read counts for each guide were used to calculate fold change of each guide by dividing Day 3/Day 18.
RNA-sequencing with ERCC spike in mix.
Biological triplicates of 5 × 10 5 cells were treated with DMSO, 2.5 μ M IACS-9571 or 2.5 μ M dTRIM24 for 24 h (the MOLM-13 cells were treated for 24 h (Early Time Point), and 48 h (Late Time Point)). RNA was isolated using the RNeasy kit (Qiagen) and cell count normalized. ERCC spike-in control (Life Technologies) was added to the samples. Library preparation was performed using Illumina Stranded mRNA prep and the sequencing was run using Illumina NextSeq 500 with single end 75-bp reads. Fastq files were aligned to Hg19 using HiSat2 with default parameters. Aligned reads were assembled against a reference transcriptome (refSeq release 58). The cuffquant module of Cufflinks was used to determine transcript abundance. Transcripts were normalized and fpkm was calculated by using the cuffnorm module.
Chromatin immunoprecipitation followed by highly parallel sequencing with reference exogenous genome (ChIP-RX). ChIP-seq was performed as described previously 53 with minor modifications. 1 × 10 8 cells were treated with DMSO, 2.5 μ M IACS-9571 or 2.5 μ M dTRIM24. Mouse 3T3 cells were used as spike-in controls and were added to each treatment condition at 10% of the human cells. Cells were crosslinked with 1.1% formaldehyde (10× crosslink solution: 11% formaldehyde, 50 mM HEPES pH 7.3, 100 mM NaCl, 1 mM EDTA pH 8.0, 0.5 mM EGTA pH 8.0) followed by 3 washes with PBS. Nuclei were isolated as described previously 53 . In order to enrich for chromatin fragments between 200 and 700 bp, samples were sonicated at 4 °C for 15 min. Sonicated lysates were cleared by centrifugation at 20,000 g for 10 min and incubated spinning end over end overnight at 4 °C with magnetic beads prebound with antibody (TRIM24, Bethyl A300-851A). Beads were washed three times with sonication buffer, one time with sonication buffer with 500 mM NaCl added, one time with LiCl wash buffer (20 mM Tris pH 8.0, 1 mM EDTA, 250 mM LiCl, 0.5% NP-40, 0.5% Na-deoxycholate) and once with TE. DNA was eluted in elution buffer (50 mM Tris-HCl pH 8, 10 mM EDTA, and 1% SDS). Cross-links were reversed overnight at 65 °C. RNA and protein were digested with 0.2 mg/mL RNase A for 2 h followed by 0.2 mg/mL Proteinase K for 1 h. DNA was purified with column based ChIP DNA purification kit (Active Motif) according to manufacture instructions. Libraries for Illumina sequencing were prepared using ThruPLEX DNA-seq Kit (Rubicon) using 50 ng of immunoprecipitated DNA as the starting point. Libraries were sequenced on an Illumina NextSeq 500 (single end 150 bp reads) and aligned to either mm9 or hg19 respectively.
ChIP-seq data processing. Calculating read density. We calculated the normalized read density of a ChIP-Seq data set in any genomic region using the Bamliquidator (version 1.0) read density calculator (https://github.com/BradnerLab/pipeline/ wiki/bamliquidator). Briefly, ChIP-Seq reads aligning to the region were extended by 200 bp and the density of reads per base pair (bp) was calculated. For ChIP-Rx, the density of reads in each region was normalized to the total number of reads originating from the reference exogenous genome (reference adjusted reads per million, rrpm) producing units of rrpm per base pair (rrpm/bp).
Identifying enriched regions. We used the MACS version 1.4.1 (Model based analysis of ChIP-seq) peak finding algorithm to identify regions of ChIP-seq enrichment over background 53 . A P value threshold of enrichment of 1 × 10 -9 was used for all data sets.
Scaling cell count normalized ChIP-Rx data sets. Scale factors (million mapped reads of reference exogenous genome) for each ChIP-Rx data set were calculated as previously described 37 for mouse genomic reads. Briefly, ChIP-Rx data sets, which were produced from equal cell number inputs, were scaled by scale factors to create y-axis arbitrary units (reference-adjusted reads per million, rrpm) to normalize difference in occupancy per cell.
Meta representations of TRIM24 occupancy with DMSO, IACS-9571 and dTRIM24 treatment. Visualization regions were created as 10-kb-wide regions centered on binding sites identified and ranked by the ROSE software package. These regions were further binned into 50-bp bins and read density was calculated as above for both background input and IP samples and background signal was subtracted before plotting.
Cell cycle assay. 500,000 cells/well were treated with dTRIM24 or DMSO for 24 h. Cells were then washed with cold PBS (pH 7.4) and fixed with cold 70% ethanol for 30 min. Cells were resuspended in cell cycle staining solution (100 μ g/mL of RNase A (Roche, 10109169001), 40 μ g/mL propidium iodide (Life Technologies, P1304MP)) and incubated for 15 min at room temperature in the dark. Cell cycle data was acquired by flow cytometry on a Guava easycyte flow cytometer (Millipore) using the InCyte software.
Statistical methods. For all experiments, number of replicates, error bars, and P values are described in the respective figure legends. All biological experiments were performed at least twice. Student's t-tests performed were two tailed. Assumptions are not contradicted by the data.
Chemical synthesis. The synthesis of dTRIM24 and other compounds used in this study is described in the Supplementary Note.
Life Sciences Reporting Summary. Further information on experimental design is available in the Life Sciences Reporting Summary.
Data availability statement. ChIP-and RNA-sequencing data reported in this paper has been deposited to the NCBI GEO and are available under the accession number GSE100573. Normalized and scaled quantitative mass spectrometry-based proteomics data are provided in Supplementary Datasets 1 
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